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O x y d e s u l f u r i z a t i o n  p r o c e s s e s  u s e  a i r  o r  oxygen t o  remove s u l f u r  from c o a l  f o r  
t h e  purpose  o f  c o n v e r t i n g  h i g h  s u l f u r  c o a l  i n t o  a n  e n v i r o n m e n t a l l y  a c c e p t a b l e  s o l i d  
f u e l  (I). The d e s u l f u r i z a t i o n  is main ly  from t h e  c o n v e r s i o n  of p y r i t i c  s u l f u r  i n t o  
s u l f a t e  and i t s  removal when t h e  c o a l  i s  recovered  from t h e  aqueous s l u r r y  of t h e  
p r o c e s s  ( 2 ) .  Because e v i d e n c e  f o r  t h e  removal  o f  o r g a n i c  s u l f u r  from c o a l  could 
r e v i t a l i z e  t h e  now dormant  s t a t u s  of o x y d e s u l f u r i z a t i o n  as a method o f  c o a l  b e n e f i -  
c i a t i o n ,  w e  have been i n v e s t i g a t i n g  t h e  a b i l i t y  of t h e s e  p r o c e s s e s  t o  d e g r a d e  or -  
g a n i c  s u l f u r  f u n c t i o n s .  

A d i r e c t  comparison of  a c o a l ' s  o r g a n i c  s u l f u r  c o n t e n t  b e f o r e  and  a f t e r  pro- 
c e s s  t r e a t m e n t  i s  f r a u g h t  w i t h  u n c e r t a i n t y  due  t o  t h e  c o n f u s i o n  i n  d i s t i n g u i s h i n g  
t h e  v a r i o u s  forms of s u l f u r  i n  c o a l  ( 3 ) .  T h e r e f o r e ,  our  e v a l u a t i o n  o f  t h e  Ames 
P r o c e s s ,  which employs oxygen and 0.2 M aqueous sodium c a r b o n a t e  a t  200 p s i  t o t a l  
p r e s s u r e  and 150° C ,  h a s  been based on  t h e  u s e  of  model compounds ( 4 ) .  In t h e s e  
i n v e s t i g a t i o n s ,  t h e  o r g a n i c  s u l f u r  f u n c t i o n a l  groups  e x h i b i t e d  one  of t h r e e  k i n d s  
o f  b e h a v i o r :  d i r e c t  a u t o x i d a t i o n  of t h e  s u l f u r ,  i n d i r e c t  o x i d a t i o n  of t h e  s u l f u r  
v i a  a u t o x i d a t i o n  of an a d j a c e n t ,  b e n z y l i c  C-H bond; and no  r e a c t i o n .  T h i o l s  and 
d i s u l f i d e s  were d i r e c t l y  o x i d i z e d  t o  s u l f o n a t e s  which were s t a b l e  u n d e r  p r o c e s s  
c o n d i t i o n s  ( i . e .  no c a r b o n - s u l f u r  bond c l e a v a g e  ).  Model compounds c o n t a i n i n g  a 
b e n z y l i c  s u l f i d e  f u n c t i o n  gave p r o d u c t s  ( Equat ion  1 ) v i a  a r e a c t i o n  pathway 
which is ana logous  t o  t h e  a u t o x i d a t i o n  of  b e n z y l i c  C - H ' s  i n  d i a r y l m e t h a n e s  
( Equat ion  2 ) .  Other  s u l f i d e s  were recovered  unchanged a f t e r  one  hour  under  Ames 
P r o c e s s  c o n d i t i o n s .  n 
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The f u r t h e r  e v a l u a t i o n  of  t h e  Ames P r o c e s s  w i t h  model compounds h a s  been aimed a t  
c o n s i d e r i n g  t h e  r e l a t i o n  between d e s u l f u r i z a t i o n  and t h e  a u t o x i d a t i v e  d e g r a d a t i o n  
of t h e  s u b s t r a t e  as a whole. 

The e v a l u a t i o n  of o x y d e s u l f u r i z a t i o n  p r o c e s s e s  u s i n g  s i m p l e  model compounds 
i s  w e l l  s u i t e d  f o r  d e t e r m i n i n g  t h e  r e a c t i v i t y  o f  p a r t i c u l a r  f u n c t i o n a l  g r o u p s ,  bu t  
does  n o t  s p e a k  t o  e f f e c t s  on t h a t  r e a c t i v i t y  when such  a r e  p a r t  of  an ex tended  
hydrocarbon m a t r i x .  The i n f l u e n c e  o f  t h e  proximate  environment  on t h e  o x i d a t i o n  
of s u l f u r  f u n c t i o n s  i s  expec ted  t o  b e  based on f a c t o r s  such  a s :  

1) i n h i b i t i o n  t o  mass t r a n s p o r t  of  r e a g e n t s  o r  o x i d a t i o n  p r o d u c t s ;  
2) c o m p e t i t i v e  r e a c t i v i t y  by hydrocarbon f u n c t i o n s ;  and 

1 3 )  i n t r a m o l e c u l a r  p r o p a g a t i o n  of a u t o x i d a t i o n .  
I n  o r d e r  t o  d e v i s e  a model s u b s t r a t e  f o r  p r o c e s s  e v a l u a t i o n  i n  which s u l f u r  i s  i n -  
c o r p o r a t e d  i n  a hydrocarbon m a t r i x  w h i l e  m a i n t a i n i n g  t h e  a b i l i t y  t o  d e s c r i b e  t h e  
r e s u l t s  i n  terms of  f u n c t i o n a l  group r e a c t i v i t y ,  w e  have p r e p a r e d  a series o f  syn- 
t h e t i c  polymers  which meet t h e  r e q u i r e m e n t s  o u t l i n e d  below : 

*Operated f o r  t h e  U.S. Department of  Energy by Iowa S t a t e  U n i v e r s i t y  under  C o n t r a c t  
No. W-7405-Eng-82. T h i s  r e s e a r c h  w a s  s u p p o r t e d  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  Fos- 
s i l  Energy,  O f f i c e  of  Coal  Mining,  WPAS-AA-75-05-05. 
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1) a h i g h  c a r b o n ,  hydrogen  and s u l f u r  c o n t e n t ,  
2) 
3) s u f f i c i e n t  c r o s s l i n k i n g  t o  i m p a r t  i n s o l u b i l i t y .  

a p r e d i c t a b l e  a v e r a g e  s t r u c t u r e ,  and 

Such polymers  s i m u l a t e  some of  t h e  p h y s i c a l  p r o p e r t i e s  of  c o a l  and a l l o w  t h e  re- 
covery  o f  t h e  hydrocarbon c o n t e n t  of t h e  model as a s o l i d  p r o d u c t ,  which procedure  
is a b a s i s  of  o x y d e s u l f u r i z a t i o n  p r o c e s s e s .  

Materials 
The m o d i f i c a t i o n ,  o u t l i n e d  i n  F i g u r e  1, of c h l o r o m e t h y l a t e d  p o l y s t y r e n e  beads 

( Biobeads S-X1, 200-400 mesh, BioRad L a b o r a t o r i e s ,  Richmond, CA ) p r o v i d e s  a con- 
v e n i e n t  e n t r y  t o  s e v e r a l  polymers  meet ing  t h e  above r e q u i r e m e n t s  as w e l l  as b e i n g  
comparable  one  w i t h  a n o t h e r .  The p r e p a r a t i o n  o f  a formaldehyde condensa t ion  poly-  
m e r  ( F i g u r e  2 ) ,  which is c l o s e r  than p o l y s t y r e n e  t o  t h e  H / C  r a t i o  of c o a l s  and is 
h i g h  i n  d i a r y l m e t h a n e  f u n c t i o n s ,  was also c a r r i e d  o u t  a l t h o u g h  t h i s  polymer is less 
d e f i n e d  as t o  i ts a v e r a g e  s i z e  and s t r u c t u r e .  S i m i l a r  condensa t ion  polymers ,  wi th-  
o u t  s u l f u r ,  had p r e v i o u s l y  been proposed as models  f o r  c o a l  (5).  

Exper imenta l  
The procedure  by which t h e  s y n t h e t i c  polymers  were s u b j e c t e d  t o  t h e  Ames Pro- 

cess is d e s c r i b e d  h e r e .  The d r y  polymer,  0.6 t o  1.8 g, and 100 m l  o f  0.2 M aqueous 
sodium c a r b o n a t e  were p l a c e d  i n  a 300 m l  a u t o c l a v e ,  which w a s  f l u s h e d  t h r e e  t i m e s '  
w i t h  n i t r o g e n  a t  80 p s i  p r e s s u r e ,  and t h e  s e a l e d  a u t o c l a v e  w a s  h e a t e d  t o  t h e  oper-  
a t i n g  tempera ture .  When t h e  t e m p e r a t u r e  had reached  150° C ,  oxygen w a s  added t o  a 
t o t a l  p r e s s u r e  of 200 p s i  and t h e  a u t o c l a v e  was vented  u n t i l  t h e  p r e s s u r e  w a s  about  
1UO p s i .  The a d d i t i o n  o f  oxygen w a s  r e p e a t e d  t w i c e ,  t h e n  t h e  s e a l e d  a u t o c l a v e  was 
s t i r r e d  a t  1500 rpm f o r  1 h .  w h i l e  m a i n t a i n i n g  t h e  t e m p e r a t u r e  a t  150 2 I n  
t h e  c a s e  of t h e s e  polymers ,  n o  s i g n i f i c a n t  amount of  material w a s  l o s t  by t h e  vent -  
i n g  procedure .  A f t e r  c o o l i n g  t o  room t e m p e r a t u r e  t h e  r e s i d u a l  p r e s s u r e  ( 70 t o  90 
p s i  ) was vented .  The s o l i d  w a s  c o l l e c t e d  by f i l t r a t i o n ,  u s i n g  400 ml of d i s t i l l e d  
water t o  r i n s e  t h e  a u t o c l a v e  and wash t h e  s o l i d .  The s o l i d  w a s  s u c c e s s i v e l y  washed 
w i t h  30 m l  p o r t i o n s  of m e t h a n o l ,  THF and benzene ,  then  d r i e d  under  reduced p r e s s u r e  
and 80 t o  90' C f o r  a t  l ea s t  f i v e  h. p r i o r  t o  weighing ,  r e c o r d i n g  t h e  I R  spectrum 
( K B r  p e l . l e t  ) and s u b m i t t i n g  a sample f o r  e l e m e n t a l  a n a l y s i s  ( e l e m e n t a l  a n a l y s e s  
w e r e  performed by G a l b r a i t h  L a b o r a t o r i e s ,  K n o x v i l l e ,  TN ).  The r e s i d u e  obta ined  by 
e v a p o r a t i o n  of t h e  combined o r g a n i c  s o l v e n t s  e x h i b i t e d  PMR and I R  s p e c t r a  c h a r a c t e r -  
i s t i c  o f  p o l y s t y r e n e .  I n  t h e  c a s e  of  (4-polys tyry1)methyl  & - t o l y l  s u l f i d e  ( 1 ) ,  
sodium 4 - t o l u e n e s u l f o n a t e  i n  t h e  r e s i d u e  of t h e  aqueous phase  was measured by its 
i n t e g r a l  i n t e n s i t i e s  i n  t h e  PMR spec t rum r e l a t i v e  t o  t-BuOH as a n  i n t e r n a l  s t a n d a r d .  
I n  t h e  c a s e  of  b e n z y l  ( 4 - p o l y s t y r y l )  s u l f i d e  ( 1. ) ,  t h e  aqueous phase  was e x t r a c t e d  
w i t h  d ich loromethane  and benzaldehyde w a s  found t o  be  p r e s e n t  i n  the. ' x t r a c t  i n  a 
y i e l d  of  19 % based on t h e  amount of s u l f u r  i n  2. 
R e s u l t s  

The e f f e c t  of t h e  Ames P r o c e s s  on t h e  s y n t h e t i c  polymers  was monitored by t h e  
d e g r e e  of  s o l u b i l i z a t i o n  and t h e  e l e m e n t a l  a n a l y s i s  of t h e  s o l i d  p r o d u c t .  For 
p o l y s t y r e n e s ,  t h e  f o r m a t i o n  of  s o l u b l e  polymers  is a measure  of  t h e  e x t e n t  of 
a u t o x i d a t i o n  of t h e  p o i y s t y r y l  backbone ( 6 ) ;  t h i s  d e g r a d a t i o n  w i l l  have no  s i g n i -  
f i c a n t  e f f e c t  on t h e  Sic r a t i o  of  t h e  r e c o v e r e d  s o l i d s .  
bond i s  more s u s c e p t i b l e  t o  a u t o x i d a t i v e  c l e a v a g e  t h a n  t h e  polymer backbone t h a t  
a marked change i n  t h e  S / C  r a t i o  can o c c u r .  
- 1 ( T a b l e  1 ) and 2 ( T a b l e  2 ) which c o n t a i n  t h e  b e n z y l i c  s u l f i d e  f u n c t i o n .  
The d e c r e a s e  i n  t h e  S/C r a t i o  i n  recovered  polymer 1 and t h e  i n c r e a s e  i n  t h i s  
r a t i o  f o r  recovered  polymer - 2 is  e x p l a i n e d  by t h e  f a c i l e  a u t o x i d a t i o n  r e a c t i o n s  
shown i n  Equat ions  3 and 4 .  

10' C.  

I t  i s  only  when a C-S 

T h i s  b e h a v i o r  i s  e x h i b i t e d  by polymers 
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While t h e  e x t e n t  of d e s u l f u r i z a t i o n  and polymer s o l u b i l i z a t i o n  of 1 o v e r  f o u r  
seemingly  i d e n t i c a l  r u n s  ( T a b l e  1 ) were q u i t e  v a r i a b l e ,  t h e r e  i s  a c o r r e l a t i o n  
between t h e  two types  o f  d e g r a d a c i o n ,  i . e .  more d e s u l f u r i z a t i o n  w a s  accompanied by 
more s o l u b i l i z a t i o n .  That  r a d i c a l  i n i t i a t i o n  of a u t o x i d a t i o n  i s  i m p o r t a n t  f o r  
b o t h  p r o c e s s e s  was shown by t h e  f a c t  t h a t  t h e  i n c l u s i o n  of a s p e c i f i c  i n i t i a t o r ,  
2 , 2 ' - a z o b i s  ( 2 - m e t h y l p r o p i o n i t r i l e )  ( A I B N  ) ,  i n c r e a s e d  both  d e s u l f u r i z a t i o n  and 
s o l u b i l i z a t i o n  of  polymer 1. i n  c o n t r a s t ,  t h e  u s e  of AIBN w i t h  1 w a s  c o u n t e r -  
p r o d u c t i v e  w i t h  r e s p e c t  t o - - d e s u l f u r i z a t i o n .  
o u r  ea r l ie r  f i n d i n g s  t h a t  DBT is  i n e r t  to  Ames P r o c e s s  c o n d i t i o n s  and w i t h  o u r  
p o s t u l a t e  t h a t  C-S bond c l e a v a g e  must be i n i t i a t e d  by a u t o x i d a t i o n  of an %-H. 

When c o a l  i s  s u b j e c t e d  to  an o x y d e s u l f u r i z a t i o n  p r o c e s s ,  i n d i g e n o u s  l a b i l e  
f u n c t i o n s  can presumably i n i t i a t e  a u t o x i d a t i o n .  I t  h a s  been r e p o r t e d  f o r  example,  
t h a t  t h e  p y r i d i n e  s o l u b l e  p o r t i o n  of c o a l  c o n t a i n s  s u b s t a n c e s  which promote t h e  
a i r  o x i d a t i o n  o f  c o a l  a t  100° C ( 7 ) .  To test  whetner  a p y r i d i n e  e x t r a c t  of  c o a l  
could  i n i t i a t e  t h e  a u t o x i d a t i o n  of  1, we added such  a n  e x t r a c t  t o  1 under  t h e  
c o n d i t i o n s  of t h e  Ames P r o c e s s .  T h i s  r e s u l t  is  r e p o r t e d  i n  Table  1 and l e a d s  t o  
t h e  c o n c l u s i o n  t h a t  t h e  e x t r a c t  was n o t  a n  e f f e c t i v e  i n i t i a t o r  of a u t o x i d a t i o n  
under  t h e s e  c o n d i t i o n s .  

T h i s  r e s u l t  is e n t i r e l y  c o n s i s t e n t  w i t h  

T a b l e  2 c o n t a i n s  s u l f u r  f u n c t i o n s  which a r e  i n e r t  t o  t h e  p r o c e s s  c o n d i t i o n s ,  
i . e .  DBT, DBTO and e t h y l  phenyl  s u l f o n e ;  and ,  i n  t h e s e  sys tems,  a u t o x i d a t i o n  was 
n o t  accompanie2 by d e s u l f u r i z a t i o n .  
t i o n  poiymer 1, which i s  p e r h a p s  a b e t t e r  model f o r  c o a l  tnan  p o l y s t y r e n e  (8) .  
The a b i l i t y  of  t h e  Ames P r o c e s s  t o  o x i d i z e  f l u o r e n e  ( 4 )  sugges ted  t h a t  1 should  
undergo a u t o x i d a t i o n .  T h i s  w a s  e s t a b l i s h e d  on  t h e  b a s i s  o f  t h e  d e g r e e  of s o l u b i l i -  
z a t i o n ,  I h e  p r e s e n c e  o f  c a r b o n y l  f u n c t i o n s  i n  t h e  r e c o v e r e d  s o l i d  ( a s  d e t e c t e d  by l R ,  
1 7 1 5  cm- 

Conclus ions  

t h e s e  r e a c t i o n  c o n d i t i o n s  promote a u t o x i d a t i o n  of hydrocarbon f u n c t i o n s  as w e l l ,  
and t h e  r e l a t i v e  ra tes  of  hydrocarbon o x i d a t i o n  and o r g a n i c  s u l f u r  removal  a r e  
de te rmined  by t h e  p a r t i c u l a r  s t r u c t u r e  of  each .  Benzyl ic  s u l f i d e s  w e r e  t h e  o n l y  
c a s e  examined where C-S bond c l e a v a g e  was s i g n i f i c a n t  p r e c i s e l y  b e c a u s e  of  i ts 
g r e a t e r  s u s c e p t i b i l i t y  t o  a u t o x i d a t i o n  r e l a t i v e  t o  t h e  hydrocarbon p a r t  of  t h e  
polymer. When i n c o r p o r a t e d  i n t o  a hydrocarbon polymer,  b e n z y l i c  s u l f i d e s  were  found 
t o  be less r e a c t i v e  under  t h e  p r o c e s s  c o n d i t i o n s  t h a n  t h e  monomer b e n z y l  phenyl  
s u l f i d e  ( 4 ) .  There  is no  i n d i c a t i o n  t h a t  t h e  hydroperoxides ,  which a r e  formed by 
a u t o x i d a t i o n  o f  l a b i l e  C-H bonds,  r e a c t  w i t h  s u l f i d e s  t o  produce  s u l f o x i d e s  o r  
s u l f o n e s  under  t h e s e  c o n d i t i o n s .  

T h i s  i s  e s p e c i a l l y  e v i d e n t  w i t h  t h e  condensa- 

) and t h e  i n c o r p o r a t i o n  of oxygen i n  t h e  s o l i d .  

Although t h e  Ames P r o c e s s  w a s  des igned  t o  o x i d i z e  and remove s u l f u r  from c o a l ,  

I n  t h i s  e v a l u a t i o n  of t h e  Ames P r o c e s s  w i t h  polymer models ,  w e  have shown t h a t :  

1) only  b e n z y l i c  s u l f i d e s  undergo p r e f e r e n t i a l  C-S bond c l e a v a g e ;  

2)  t h i s  c l e a v a g e  i s  a r a d i c a l  p r o c e s s  ana logous  t o  hydrocarbon a u t o x i d a t i o n ;  

3 )  c o n d i t i o n s  which accelerate t h e  o x i d a t i v e  c l e a v a g e  of t h e s e  C-S bonds w i l l  
a l s o  i n c r e a s e  t h e  ra te  of  d e g r a d a t i o n  of t h e  hydrocarbon m a t r i x ;  

43 a s  e x p e c t e d ,  t h e  r a t e  of  r e a c t i o n  of t h e  b e n z y l i c  C-S bond i s  a t t e n u a t e d  
when t h e  s u l f i d e  i s  i n c o r p o r a t e d  i n t o  an i n s o l u b l e  polymer. 
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Figure 1. Synthesis of Modified Polystyrenes for Use as Coal Models. 

2) ' )  "-'lILi benzyl > " S - C H 2 G  

d i s u l f i d e  

2: 83.24 %C. 7.11 % H .  8.40 %S,  1.12 %Br 

DBT,ZnCI2 

C6H4C'2 
@-CH2CI  - @CH2 CH2-@ 

1: 87.59 %C,  6.82 %H, 4.58 %S 

C1C6H4COgH 

CH2-@ 

O'"2Qs@ 
1 HCC13 > 

o" \\o 

2: 83.78 %C, 6.61 %H, 4.44 % S 

Figure 2. 

5: 80.82 % C ,  7.25 %H, 5.84 %S 

Hypothetical Structure for DBT/Fluorene/Formaldehyde Copolymer 

- 7: 86.72 %c, 5.01 zn, 7.75 zs 
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TABLE 1. E f f e c t  of Ames P r o c e s s  on (4-Polys tyry1)methyl  4-Tolyl  S u l f i d e  ( 1 ) .a  

d 
Initial Wgt. Recovered as a S o l i d  % CH2-SC 4-Tolyl  S o l u b l e  

Weight Carbon S u l f u r  AS/C Cleavage  S u l f o n a t e  Polymer 

0.91 g 84 % 81 % 57 % -30 % 37 % 22 % 4 . 5  % 

0.91 92 90 76 -16 21 28 2 . 1  

1.14 93 91 76 -17 22 18 1.7 

0.60 92 93  92 - 1 2 0 . 3  0 

90 8 9  75 -16 20 
a v e r a g e  
of f o u r  

1. 0oe 84 8 8  76 -13 17 

0.74f 86 83 54 -34 42 

17 2.2  

- 
9.3 

TABLE 2 .  E f f e c t  of Ames P r o c e s s  on Some S y n t h e t i c  Polymers .a  

b 
Initiai Wgt. Recovered a s  a S o l i d  
_ _ _ _ _  

P o l y s t y r e n e g  1.59 g 96 % 96 % 

1.50  95 - 

2 0.62 87 84 

- 3 0.78 96 96 

- 4 0 .73  104 101 

- 

- 5 1.16 94 95 

- 7 1.06 89 87 

- 7f 0.90 95 92 

- - 
- - 

98 % +17 % 

97 + 1 

02 + 1 

96 + 1% 
88 + 2 

95 + 5 

d S o l u b l e  
Polymer 

2.3 % 

0.7  

3 . 2  

1 .4  

1.0 

0 

9.4 

4 .0  

See F i g u r e s  1 and 2 f o r  t h e  s t r u c t u r e s  of t h e  polymers .  
P r e s e n t e d  a s  a p e r c e n t a g e  of t h e  c o r r e s p o n d i n g  o r i g i n a l  v a l u e s .  
T h i s  is based  on t h e  i o s s  of  s u l f u r  r e l a t i v e  t o  t h e  p o l y s t y r y l  c a r b o n ,  
which i s  t h e  t o t a l  carbon l e s s  t h e  carbon due t o  t h e  4 - t o l y l  g r o u p s ,  
and is c a l c u l a t e d  a s  100 % - 100 % ( S C - 75 S .  ) + ( S.C - 7 s  S .  ) 

where S is t h e  moles  p e r  u n i t  weight  of S u l f u r  i n  t h e  s o l i d  p r o d u c t ,  

S .  i s  t h e  moles  of s u l f u r  i n  t h e  i n i t i a l  polymer,  C .  i s  t h e  moles  of 

carbon i n  t h e  i n i t i a l  polymer and C is t h e  moles  of carbon i n  t h e  s o l i d  

Residue a f t e r  e v a p o r a t i o n  of t h e  o r g a n i c  s o l v e n t s  a s  a p e r c e n t a g e  of t h e  
i n i t i a l  weight .  
P y r i d i n e  e x t r a c t  of a n  Ill. No. 6 c o a l ,  0.1 g ,  was added t o  t h i s  r u n ;  t h e  
p r e s e n c e  of t h e  e x t r a c t  masked d e t e c t i o n  of s o l u b l e  polymer. 
With 0.16 g of AIBN added and oxygen added b e f o r e  h e a t i n g  t h e  a u t o c l a v e .  
Biobeads S-X1, 200-400 mesh, prewashed w i t h  benzene and MeOH. 
N2 a tmosphere  o n l y  i n s t e a d  of 02; 

P i  P I  1 P  P l  

P 

p r o d u c t .  P 

e l e m e n t a l  a n a l y s i s  n o t  o b t a i n e d .  
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